Estrogen related receptor beta (ERR-b) is an orphan nuclear receptor specifically expressed in a subset of extra-embryonic ectoderm of post-implantation embryos. ERR-b is essential for placental development since the ERR-b null mutants die at 10.5 dpc due to the placenta abnormality. Here, we show that the ERR-b is specifically expressed in primordial germ cells (PGC), obviously another important cell type for reproduction. Expression of the ERR-b mRNA in embryonic germ cells started at E11.5 as soon as PGC reached genital ridges, and persisted until E15-E16 in both sexes. Immunostaining with anti-ERR-b antibody revealed that the ERR-b protein is exclusively expressed in germ cells in both male and female gonads from E11.5 to E16. 5. To study function of the ERR-b in PGC, we complemented placental defects of the ERR-b null mutants with wild-type tetraploid embryos, and analyzed germ cell development in the rescued embryos. It was found that development of gonad and PGC was not apparently affected, but number of germ cells was significantly reduced in male and female gonads, suggesting that the ERR-b appears to be involved in proliferation of gonadal germ cells. The rescued embryos could develop to term and grow up to adulthood. The rescued ERR-b null male were found to be fertile, but both male and female null mutants exhibited behavioural abnormalities, implying that the ERR-b plays important roles in wider biological processes than previously thought.
Introduction
During embryonic development, various kinds of extracellular signals and their receptor molecules play important roles for instructing developing cells to turn on and off gene expression governing cellular proliferation and/or differentiation. Development of mammalian reproductive systems is no exception. For example, the steroid hormone estradiol is essential for proper development and maintenance of the female reproductive system as well as spermatogenesis in the male (Britt and Findlay, 2002; O'Donnel et al., 2001) . The pleiotropic effects of estrogens are transduced through two kinds of nuclear hormone receptors, ER-a and ER-b. The nuclear receptors constitute a large family of proteins and can be considered as ligandinducible transcription factors, which bind directly to DNA and regulate expression of downstream target genes. In this group of protein superfamily, however, there are putative receptor molecules for which no known ligands are identified and these are classified as orphan nuclear receptors (Blumberg and Evans, 1998; Giguère, 1999) . Estrogen-related receptors belong to a subfamily of such orphan nuclear receptors, and comprise of three members, ERR-a, -b, and -g (Giguère et al., 1988; Giguère, 2002) . These ERR proteins are, as their names indicate, closely related to the ERs in their structures and bind to the estrogen response elements (Pettersson et al., 1996) , but they are not activated by estrogen (Giguère, 1988) . Three ERR proteins display a high degree of structural similarities within binding domains for their ligand and DNA, suggesting that they would bind to similar ligands and targets. Expression studies of the ERR proteins revealed that ERR-a is expressed in various embryonic tissues and almost ubiquitously expressed in adult tissues (Bonnelye et al., 1997; Giguère, 2002) , and that ERR-g is also widely expressed in adult tissues such as brain, heart, kidney or testis (Hong et al., 1999; Eudy et al., 2000; Lorke et al., 2000) . In contrast, ERR-b shows highly restricted expression pattern during embryogenesis: the ERR-b message was exclusively found in a subset of extraembryonic ectoderm cells which give rise to the chorion. The ERR-b expression in the trophoblast progenitor cells is observed during a relatively narrow developmental window from E6.0 to E8.5, and the expression is no longer detected at later stages of development when analyzed by in situ hybridization or in adult organs examined by Northern blot analysis (Pettersson et al., 1996) . This restricted pattern of the expression indicates role of the ERR-b during the chorion formation, and this notion was in fact confirmed by analyses on ERR-b null embryos generated by targeted disruption: the embryos homozygous for ERR-b gene, Estrrb, have severe defect in placental formation and die at around 10.5 dpc (Luo et al., 1997) . This result clearly showed the essential role of the Estrrb in placentation, but the embryonic lethal phenotype at E10.5 precludes analysis of, if any, functional role of the ERR-b at the later stages of development. On the other hand, ERR-a null mutant mice are viable and apparently normal with the exception of reduced body weight and peripheral fat deposits (Luo et al., 2003) . Such an in vivo study of ERR-g functions has not been reported, but its broad expression patterns suggest that they could influence a wide range of physiological processes. Although early studies of the ERRs indicated that their functional roles in development or in physiology were distinct from those of classic estrogen receptors, recent findings that the synthetic estrogen diethylstilbestrol (DES) acts as an antagonist for the ERR-b (Tremblay et al., 2001a) suggest that the ERRs and ERs may have functional roles in similar biological processes. Identification of 4-hydroxytamoxifen, a metabolite of anti-estrogen Tamoxifen, as an inverse agonist for the ERR-g (Coward et al., 2001; Tremblay et al., 2001b) further warrant research of the ERR functions in normal development and disease conditions where estrogens have major roles.
We found that the Estrrb is expressed in genital ridges in the course of two-hybrid screening (Mizusaki et al., 2003) using cDNA library prepared from embryonic gonads. This serendipitous finding prompted us to explore its spatial and temporal expression pattern during gonad formation and we found that the expression is germ cell-specific. Furthermore, we studied the functional role of the ERR-b during germ cell development by analyzing the Estrrb null embryos rescued from the embryonic lethality with the aid of wildtype tetraploid cells.
Results

ERR-b gene is expressed in primordial germ cells
To confirm ERR-b expression in embryonic gonad, RT-PCR expression analysis was performed with cDNAs derived from various organs/tissues of embryonic day 13.5 (E13.5) embryos. As shown in Fig. 1A , ERR-b specific primer pair indeed detected ERR-b expression in both male and female gonads as well as embryonic brain, but not in other organs including placenta. As the gonads consist of PGCs and somatic stromal cells, we next asked which cell type expressed ERR-b using FACS-purified primordial germ cell samples (Abe et al., 1996; Ohbo et al., 2003) . ERR-b was found to be expressed in the purified PGCs, but not in the somatic cell fractions (Fig. 1C) . On the other hand, ERR-a and ERR-g expression was not detected in the purified PGC fractions (data not shown). Homology search of ERR-b sequence against our in-house database of EST , heart (lane h), liver (li), kidney (k), lung (lu), stomach (st), yolk sac (ys), placenta (pl), male gonad (Mg), female gonad (Fg), male mesonephros (Mm), female mesonephros (Fm), whole E13.5 embryo (W). Lane N represents negative control without cDNA templates. Specificity of the primer used for Estrrb detection was tested by amplifying cDNA clones of genes related to the Estrrb. Lane 1; Estrra cDNA, lane 2; Estrrb, lane 3; Estrrg. PCR product of expected size was only detected in lane 2, validating specificity of the primer. N represents negative control. (B) Estrrb expression during embryonic development. Lane 1; E7.0, lane 2; E7.5, lane 3, E8.5, lane 4; E9.5, lane 5; E10.5, lane 6; E11.5 gonad, lane 7; E12.5 gonad. (C) Estrrb detection in primordial germ cells purified from various stages of germ cell development. PGCs were FACS-sorted from Oct3/4-GFP transgenic embryos at E11.5 -E16.5. M; male. F; female. P1 and P7 were spermatogonia isolated from postnatal day 1 and 7, respectively. Purity of the sorted PGCs were estimated to be .99% based on scoring of GFP expression in the sorted cells. GFP-negative FACS fractions corresponding to gonadal somatic cells were also collected from E11.5 male and female, and e12.5 male and female gonad.
derived from purified PGC cDNA libraries yielded multiple hits, further confirming that the ERR-b is expressed in PGC (KA, unpublished). To follow the temporal expression of the ERR-b during germ cell development, RT-PCR analysis with the cDNA samples from E11.5 to E16.5 PGC, P1 and P7 spermatogonia, and E7 -E10 embryos were conducted. The ERR-b expression was not detected in the embryo proper of E7-E10 (Fig. 1B) consistent with the previous reports (Luo et al., 1997; Pettersson et al., 1996) . PGCs reach and enter genital ridges at around E11.5 (McLaren, 2003) . Expression of the ERR-b was clearly observed in the PGCs colonized within the gonad at E11.5 (Fig. 1C ) and the expression persisted until E15.5 and E14.5 in male and female, respectively. The expression diminishes after these stages in both gonads, but is resumed in P7 spermatogonia.
Whole-mount in situ hybridization (WISH) was used to further define the spatial expression pattern of the ERR-b during embryonic and germ cell development (Fig. 2) . At E7.5 and E8.5, the expression was restricted to extraembryonic tissues as reported by Pettersson et al. (1996) ; Luo et al. (1997) . There was no apparent signal in the embryo proper at these stages. PGCs first appear at the base of allantois and migrate through the mesentery toward urogenital ridges. We looked closely at PGCs in these tissues, but failed to detect specific hybridization signals of the ERR-b message. Expression of Oct3/4 gene was detected in the migrating PGCs by our WISH protocol at single-cell resolution (data not shown). In the embryonic gonads at E11.5, however, comparable levels of specific signals were detected in the gonads of both male and female embryos. From stages E11.5 to E15.5, the ERR-b transcripts were present in the genital ridges, but not in the mesonephros. Cellular expression pattern of the ERR-b in the gonad was very similar to that obtained with Oct3/4 probe; specific expression signals in testis cords in male, and spotty appearance of signals in female ( Fig. 2D-I ). The expression was gradually decreased after E14.5, and was lost by E16.5. These temporal expression patterns coincide with RT-PCR data described above. Taken together, it was found that the ERR-b gene was expressed not only in the extra-embryonic tissues but also in germ-cell lineage, and that the gene is transiently expressed during PGC differentiation occurred in the embryonic gonads.
Next we examined expression of the ERR-b gene product with a polyclonal antibody raised in rabbits immunized with a synthetic ERR-b peptide. This antibody specifically reacted with extra-embryonic tissues in section of E7.5 embryo as expected (Fig. 3A) . As another control experiment, the gonads of either wild-type E15.5 embryos or gonad of the ERR-b null embryos rescued by normal tetraploid embryos (see detailed description below) were stained with the antibody. Antibody reactivity was seen in nuclei of cells in the testis cords of the þ /þ gonad, but no specific staining was observed in the 2 /2 gonad ( Fig. 3B, C ). This result confirmed again the specificity of the antibody, and simultaneously proved germ cell-specific expression of the ERR-b protein. Whole-mount immunostaining and immunohistochemistry with the anti-ERR-b were performed ( Fig. 3D -K) . In both studies, spatial and temporal pattern of the ERR-b protein expression in the gonads were essentially the same as those of the mRNA expression. However, the antibody positively stained the PGCs in the E16.5 male gonad, in which the corresponding mRNA was not detected by WISH, suggesting that the protein product may remain in the nuclei after the transcription was ceased.
We doubly stained gonad sections with the anti-ERR-b antibody and either PGC-specific markers such as Oct3/4 and mouse vasa homolog (Mvh) or WT-1 and Ad4BP/SF1, markers for gonadal somatic cells. As shown in Fig. 3L , anti-MVH (green) reacted with MVH antigen in the cytoplasm of the PGCs in the testis cord, while the anti-ERR-b (red) (Pettersson et al., 1996; Luo et al., 1997) . Specific reactivity was detected in E15.5 male gonad (B), whereas no signals were observed in gonad of the rescued Estrrb 2 /2 embryo (C) at the same stage. These results confirmed the specificity of the antibody used for the following studies. Whole-mount immunostaining of E13.5 male gonad (D), E13.5 female gonad (F), E15.5 male gonad (H) and E15.5 female gonad (J). Sections of E13.5 male (E) and female (G) gonad and E15.5 male (I) and female (K) gonad were also stained with the antibody. Sections of E14.5 male gonad were singly stained with the ERR-b antibody (O), doubly stained with anti-Ad4BP/SF-1 (arrow head) and anti-ERR-b(arrow) (N), with anti-MVH and anti-ERR-b (L), and with anti-OCT3/4 and anti-ERR-b (M).
labeled the nuclei of the MVH-expressing cells. MVH expression level appeared to be uniform among the PGCs, but there were apparently some variations in the level of ERR-b expression in the PGC population (Fig. 3O) . As a result, some of the MVH-expressing PGC appeared to lack the ERR-b expression. This tendency was also observed when double immunostaining with anti-OCT3/4 was done (Fig. 3M) . However, it is also true that the cells expressing the ERR-b were always positive for the MVH or the OCT3/4. In contrast, ERR-b positive cells are never positive for somatic markers such as Ad4BP/SF1 or WT1 ( Fig. 3N and not shown).
The expression studies described above indicate that both mRNA and protein product for the Estrrb are specifically expressed in the PGCs, though some variation in the level of the ERR-b protein was seen in the PGC population.
Analysis of ERR-b functions in germ cell development
Specific expression of ERR-b in PGCs implies its functional role in germ cell development. However, the fact that the ERR-b null embryos die at E10.5 due to placental abnormalities precludes functional analysis of the ERR-b in PGCs, since the expression in PGC starts at E11.5. To overcome this problem, we rescued placental defects by making a chimera with wild-type tetraploid and ERR-b null embryos. Diploid embryos from the Estrrb þ /2 intercross were aggregated with four-cell stage tetraploid embryos, transferred to foster mothers, and germ cell phenotypes were observed at stages between E9.5 and E17.5. In some experiments, tetraploid embryos were derived from Rosa 26 mice (Zambrowicz et al., 1997) , in which E. coli b-galactosidase is ubiquitously expressed. This allows tracing of cells developed from the tetraploid embryos. Also, the Estrrb þ /2 mice carrying Oct3/4-GFP transgene (Yoshimizu et al., 1999) were used to obtain the ERR-b null embryos so that PGCs can be marked by GFP expression driven by Oct3/4 promoter. It was found that the Estrrb 2 /2 embryos could develop to E17.5 with the aid of the wild-type tetraploid embryos. We transferred 2,402 chimeric embryos in total, and 357 embryos were dissected out. Of these 357, 34 were found to be Estrrb 2 /2 , 190 were Estrrb þ /2 , and 133 were þ /þ (Table 1) . Number of the Estrrb 2 /2 appeared to be under-represented; whether this is due to technical reasons or this suggests additional ERR-b functions in development remains to be elucidated. There were 19 homozygous male embryos and 15 female homozygotes. Gross appearance of the rescued Estrrb 2 /2 embryos was indistinguishable from their normal littermates. The ERR-b null embryo of 9.5 dpc showed normal morphology and migrating PGCs were observed in the mesentery as in those of the normal littermates. It was expected because ERR-b expression was not observed in the PGC of E9.5 embryos. Morphology of the gonads of the Estrrb 2 /2 embryos at later stages was also very similar to that of the wild-type gonads. However, number of the PGCs appeared to be lower in the null mutants than in the wildtype littermate (Fig. 4) . At E13.5 and E15.5, less number of GFP-positive PGCs was seen in the testis cord of the Estrrb 2 /2 male gonad (Fig. 4 A,B ; left). As shown in Fig.  4C , in this particular 2 /2 female embryo of E13.5, much fewer GFP-positive PGCs were observed only in the middle part of the gonad. Reductions of the PGCs in the Estrrb 2 /2 mutants of both sexes were also observed at E15.5 (Fig. 4B,D) . Immunostaining with anti-OCT3/4 antibody clearly revealed that number of the GFP-positive PGCs were two-to-five fold lower in the mutants in comparison with the wild-type littermates (Fig. 4E -H,K,L) . Staining with anti-MVH antibody again revealed that the PGC number was significantly reduced in the mutant gonads (Fig. 4I,J) . No ectopic PGCs were noted in the ERR-b deficient embryos, indicating that the reduction of the cells was not a result of abnormal migration or differentiation. To ask this reduction in the PGC number is due to impaired PGC proliferation, expression of proteins involved in mitotic cell division was examined using mitosis-specific monoclonal antibody, MPM2 (Yaffe et al., 1997) , or a cell proliferation marker, Ki67. Large cells in the testis cords, probably corresponding to PGCs, were clearly labeled by both anti-MPM2 (Fig. 5A,B) and anti-Ki67 (data not shown) in the wild-type gonads at E15.5, while the number of the labeled cells were significantly reduced in the Estrrb 2 /2 embryonic gonads (Fig. 5C,D) . Reduction of cells positive for either Ki67 or MPM2 were also observed in the gonads of female 2 /2 embryos (data not shown). In contrast, TUNEL staining showed that apoptotic cell death was not increased in the gonad of mutant male, and only slightly increased in the mutant female ( Fig. 5E -H) . Number of cells positive for differentiation markers of the gonadal somatic cells such as Ad4BP/SF-1 in the mutant was almost indistinguishable from the normal littermates (data not shown). These analyses indicate that the reduction of PGC number found in the null mutant appears to be caused by impairment of PGC proliferation, not by increased apoptosis or defects in cell differentiation.
Since the null mutants develop to E15.5 with the aid of the tetraploid embryos, we examined if the null mutants can develop to term. In fact, offspring with the Estrrb 2 /2 genotype were born, and grew up to adult stage. So far we obtained total of ten Estrrb 2 /2 mice born, of which seven were male and three were female. These three female did not become pregnant for the period of 6 months, but histological examinations showed that normal appearance of oocytes were present in their ovaries. The Estrrb 2 /2 male could produce mature sperm and were found to be fertile. Six out of seven Estrrb 2 /2 male were crossed with wild-type female, and 40 offspring were obtained. Rate of in vitro fertilization with 2 /2 sperm was 89%. However, in some of the histological sections of the testis from the Estrrb 2 /2 male, specific destructions of spermatogenic cells were observed. This abnormality was observed in about 30% of the homozygous mutant male, and only a small portion of the seminiferous tubules was affected in those individuals.
Above result indicates that even though the number of PGC was decreased in the embryonic gonad, spermatogenesis somehow commenced from the reduced prospermatogonia to give rise to functional sperm, and that regulatory mechanisms for spermatogenic cell proliferation may be distinct from those for PGC proliferation.
Other phenotype manifested in the Estrrb 2 /2 mutants
We discovered additional novel phenotypes associated with the null mutants after birth. All the Estrrb 2 /2 mutants showed behavioral abnormalities at 10 days after birth irrespective of their sexes. They exhibited circling behavior and head-tossing, and were tottering and falling down as they walked. They sometimes walked backward (Video). These phenotypes are never observed with the normal littermates. Perfect concordance of such behavioral phenotypes with the Estrrb 2 /2 genotype strongly indicates that the ERR-b plays an important role probably in brain functions. The ERR-b is found to be expressed in both cerebrum and cerebellum of adult brain (unpublished). The ERR-b is also expressed in embryonic brain as described above.
Discussion
The present study disclosed hitherto unknown expression domains and biological functions of the Estrrb gene. The Estrrb message and gene product are specifically expressed in PGCs in developing gonads. Since PGC is a minor cell population in developing embryos and ERR-b is expressed during relatively narrow window of germ cell development, expression of the Estrrb in the PGC has not been reported in the previous studies (Pettersson et al., 1996; Luo et al., 1997) . There is such a precedent; Psx1 gene was identified as a placenta specific homeobox gene and believes to be exclusively expressed in placenta (Han et al., 1998) , but it is actually specifically expressed in PGCs (Takasaki et al., 2000) . In mice, PGCs are first identified at E7.25 in the extraembryonic mesoderm posterior to the primitive streak. They are subsequently migrating through the mesentery to reach and colonize the genital ridge around E11.5 (McLaren, 2003) . ERR-b expression in PGC begins at E11.5 and declines after E15.5 -16.5. During this period, PGCs are actively proliferating to reach a total of , 25000 per gonad by E13 (Tam and Snow, 1981) . Then, PGCs arrest at mitosis in the male, but in the female they enter meiosis. However, BrdU incorporation into the male PGCs continues until E15.5 (Coffigny et al., 1999) indicating the presence of mitotic cells in the embryonic testis at these stages. We also experienced that yield of PGCs after FACS sorting is comparable or even greater at stages later than E13.5 (unpublished), suggesting that cell proliferation does not end suddenly after E13.5 in both sexes, and proliferating PGCs are intermingled with arrested cells or meiotic cells. ERR-b is expressed similarly in both male and female PGCs implying that the ERR-b may not be involved in sex-specific processes, i.e. mitotic arrest or entry into meiosis. Rather, ERR-b is likely to be involved in processes common to male and female PGCs, i.e. cell proliferation. This assumption is true, at least partly, according to our analyses of the ERR-b null embryos that escaped from the embryonic lethality with the aid of tetraploid wild-type cells. In the gonads of null embryos, there were cells expressing PGC-specific markers, OCT3/4 and MVH, but the number of the PGCs was significantly reduced. Cells positive for Ki67 or MPM2 were reduced in the mutants, whereas TUNEL-positive cells were comparable with the normal littermates. Differentiation markers for somatic components of the gonads were also similarly expressed in the 2 /2 mutants. Taken together, effect of the Estrrb mutation is PGC-specific in the gonads affecting proliferation of the germ cells. This is consistent with the placental phenotype of the Estrrb null mutants, in which reduced proliferation of diploid trophoblast cells were apparent (Luo et al., 1997) . However, the Estrrb is not essential for germ cell development as PGCs were not completely lost and oocytes as well as spermatozoa could develop in the mutants. There are several known mutations leading to germ cell reduction or loss (Pellas et al., 1991; Ruggiu et al., 1997; Beck et al., 1998; Tanaka et al., 2000; Kissel et al., 2000) . Most of the mutations affect proliferation of PGCs already at the migration stage. For example, mutations in Kit receptor tyrosine kinase and its ligand affect the survival, migration and proliferation of PGCs (Kissel et al., 2000) and in the extreme form of the Kit mutants very few PGCs reach the genital ridges (McLaren, 2003) . However, in null mutant of the mouse Vasa homolog (Mvh) gene, proliferation of male PGCs are specifically affected after E12.5 (Tanaka et al., 2000) and thus it is worth mentioning in relation to ERR-b mutant phenotype. Mvh gene expression is first detected in PGCs after colonization of the genital ridges. It is known that developmental behaviors of the PGCs changes after the entry into the gonad (Donovan, et al., 1986; Coucouvanis and Jones, 1992) , and Mvh or Estrrb is one of such genes become active probably triggered by cell interactions between PGCs and gonadal stroma. Although comparable number of PGCs were detected at E11.5, male PGCs were remarkably decreased after E12.5 and mitotic index was also greatly reduced in the Mvh mutant (Tanaka et al., 2000) . But, similar number of germ cells was found in the Mvh 2 /2 and Mvh þ /þ neonatal testis indicating that the PGC deficiency somehow recovered at later stages of germ cell development. Also in the Estrrb 2 /2 mutants, there are comparable numbers of spermatogenic cells in testis at 8 weeks after birth despite of great reduction of PGCs in embryonic gonads. It is therefore likely that there are several steps to control proliferation of PGCs/gonocytes at migratory and postmigratory phases and of spermatogenic cells. It is interesting to speculate that a distinct control for proliferation of the gonadal PGCs is operating and ERR-b functions only in this pathway. The ERR-b 2 /2 male is fertile, but ERR-b may play a role in spermatogenesis as it is expressed in testicular germ cells. ERR-a and g, close relatives of the ERR-b, are known to be expressed in testis (Vanacker et al., 1998; Eudy et al., 1998) and may compensate the ERR-b deficiency. On the other hand, ERR-b null female mice were practically sterile, but histology of their ovary appeared to be normal and ovulation could be induced by hormone injection (unpublished). We thus suspect that the infertility may not be due to defects in oogenesis, but rather to behavioral abnormalities manifested in the null mutants. These behavioral abnormalities are also first example that the ERR protein has important roles in brain function. The ERR family genes, Estrra and Estrrb, exhibit complex expression patterns in embryonic and adult brain. Expression domains of these genes are partially overlapping; both genes are expressed in extrapyramidal system, which controls in voluntary movements (Bonnelye et al., 1997; Lorke et al., 2000) . ERR-b is expressed in embryonic and adult brain, though detailed analysis of the ERR-b distributions in anatomical regions of the brain has not been performed. Behavioral phenotypes caused by the ERR-b deficiency strongly suggest that ERR family plays important roles in various biological processes such as brain functions and reproduction.
Recently it was reported that the activity of the ERRs can be modulated by the synthetic estrogen, Diethylstilbestrol (DES) or 4-hydroxytamoxifen (OHT), the metabolite of tamoxifen (Tremblay et al., 2001b; Coward et al., 2001) . DES inhibits transcriptional activity of the ERRs. On the other hand, OHT only inactivates ERR-b and ERR-g but does not recognize ERR-a. These findings suggest that some of the pleiotropic effects exerted by the estrogen-like substances may be mediated by the ERR orphan receptors. Estrogen affects not only female reproduction but also male reproduction (Britt and Findlay, 2002; O'Donnel et al., 2001) . Furthermore, administration of DES in utero or at postnatal period influences male reproductive functions and testicular gene expression (Fielden et al., 2002 and references therein) . Since ERR-b is a transcription factor involving PGC proliferation and possibly also in spermatogenesis in concert with another ERR, probably ERR-a, DES action on the reproduction is likely to be transduced, at least partly, through the ERR nuclear receptors. Some endocrine disruptors such as toxaphene and chlordane have been shown to act as weak antagonists of ERR-a (Yang and Cheng, 1999) . Thus, adverse effects of the disruptors in the environment on reproduction may also be mediated by the ERR receptors. Comprehensive analysis of gene expression changes in the PGC of the ERR-b null embryos or in the DES-treated germ cells should provide insights into the molecular mechanisms responsible for the adverse effects of DES or other estrogen-like molecules on reproduction of mammals.
Experimental procedures
RT-PCR
Total RNA was extracted from mouse fetal tissues by using Trizol Reagent (Invitrogen, Carlsbad, California). cDNAs were synthesized with superscript II Reverse Transcriptase (Invitrogen, Carlsbad, California) using 1 mg of total RNAs from each tissues. For detection of ERR-b and related genes, following primers were used;ERR2-P1 (5 0 -TGG ACT CGC CGC CTA TGT TCG-3 0 ), ERR2-P2(5 0 -ACT TGC GCC TCC GTT TGG TGA-3 0 ) for ERR-b detection,;ERR1-P3 (5 0 -GGG CAC AAG GAG GAG GAG GAT-3 0 ), ERR1-P4 (5 0 -GGA CAC GGT CCA GAC GCA CTC-3 0 ) for ERR-a; NuC (5 0 -AACATG-GATTCGGTAGAACTTT-3 0 ), NdC(5 0 -GCCATT-CATGGTTGAACTGT-3 0 ) for ERR-g detection. Oct3/4 expression, and expression of G3PDH were detected with OCT3U (5 0 -GCATCCAAACTGAGGCACCA-3 0 ) and OCT3D2(5 0 -CAACAGCATCACTGAGCTTC-3 0 ) for Oct3/4; G3PDH-F (5 0 -TGA AGG TCG GTG TGA ACG GAT TTG GC-3 0 ) and G3PDH-R (5 0 -CAT GTA GGC CAT GAG GTC CAC CAC-3 0 ) for G3PDH. Each sample was amplified in a 20 ml reaction mixture containing about 100 ng of cDNA, 20 pmol each of primer and 0.1U of ExTaq DNA polymerase (TAKARA Shuzo, Kyoto, Japan). Parameters for PCR amplification were the same for all the primers except for ERR-b and ERR-a. Reaction were performed using following conditions; 94 8C for 30 s, 60 8C for 30 s, 72 8C for 30 s. Annealing temperatures for ERR-b detection were 66 and 63 8C for ERR-a.
In situ hybridization
For section in situ hybridization, 10 mm sections of paraffin-embeded embryos were used. Hybridizations were done either manually according to a protocol of Willkinson (1998) or with Ventana HX System Discovery (Ventana Japan K.K.) using a Ribomap kit. Whole-mount in situ hybridizations were conducted according to protocols of Koopman, (2001) and Hargrave and Koopman, (2000) with digoxigenin-labeled RNA probes.
Immunohistochemistry and histological analysis
Embryos or adult tissues were fixed in 4% paraformaldehyde (PFA) for 16 h at 4 8C, washed in PBS, and dehydrated through an ethanol series. Embryos were cleared in xylen, embedded in paraffin and sections were cut at a thickness of 5 mm and stained with hematoxylin and eosin. For immunohistochemical analysis, antigens were retrieved by heating with microwave oven for 20 min in 10 mM sodium citrate buffer, and endogenous peroxidase was then quenched with 0.3% H 2 O 2 /methanol for 30 min. Sections were blocked with 3% BSA for 1 h and incubated with primary antibody at 4 8C for 16 h. After washing in PBST, sections were incubated with secondary antibody at a dilution of 1:200 in PBST and stained with DAB/Ni, DAB (Vectastain Elite ABC kit, Vector laboratories, Burlingame, CA) or AEC. Polyclonal anti-ERR-b antiserum was obtained from rabbits immunized with a synthetic peptide, MSSEDRHLGSSC, and used for immunohistochemistry at a dilution of 1:200. Anti-Oct3/4 and anti-WT-1 were purchased from Santa Cruz (Santa Cruz, California). AntiKi67 antibodies were purchased from Novocastra Laboratories Ltd (Newcastle upon Tyne, UK), and anti-MPM2 antibody was from Upstate (Lake Placid, NY, USA). Antimouse Vasa homolog (MVH) antibody (Fujiwara et al., 1994) was kindly gifted by Dr T. Noce of Mitsubishi Kasei Life Science Institute. Anti-Ad4-BP antibody was used at 1:2000 dilutions as described previously (Morohashi et al., 1992) . The fluorophore-labeled secondary antibodies used for the double staining are Rhodamine-labeled goat F(ab 0 ) anti-rabbit Ig's (Biosource, Camarillo, CA, USA), and Alexa Fluorw 488-labeled F(ab 0 ) 2 fragment of goat antirabbit IgG (H þ L) and rabbit anti-goat IgG (H þ L) (Molecular Probes, Inc, Eugene, OR, USA). TUNEL staining was done with Apoptosis detection kit supplied by Wako Chemical (Wako, Japan). Whole mount immunohistochemistry was performed as described (Davis, 1993) .
Generation of chimeric mice by aggregation of ERR-b null embryos and tetraploid embryos
ERR-b null mutants die at E9.5-10.5 due to placental defects (Luo et al., 1997) . To rescue the embryonic lethality, four-cell embryos derived from the Estrrb þ /2 intercross were aggregated with tetraploid embryos. Briefly, Two-cell stage embryos from CD-1 or Rosa26 gene trap strain, in which lacZ gene is ubiquitously expressed (Zambrowicz et al., 1997) , were collected in KSOM (ark-resource Co. Ltd) (Lawitts and Biggers, 1993) , equilibrated in Fusion buffer (0.3 M Mannitol, 0.1 mM MgSO4, 0.1 mg/ml polyvinyl alcohol, 3 mg/ml bovine serum albumin F V (SIGMA Chemical Co. Ltd, St Louis, MO), and placed between the electrodes of the electrofusion chamber (1 mm gap). After aligning embryos between the electrodes, electrofusion was performed using pulse generator ECM2001 (BTX, San diego.CA) by applying 2 £ 40 m s pulse at 80 V/cm. Fused embryos were cultured in KSOM medium at 37 8C for 16 h. Two cell stage embryos obtained from Estrrb þ /2 intercross were cultured overnight under the same condition used for tetraploid embryos. Diploid embryos from Estrrb þ / 2 intercross and the tetraploid embryos were aggregated next day, and transferred to pseudopregnant foster mother.
In some experiments, embryos were derived from intercross of Estrrb þ /2 ; GOF18-dPE-GFP double heterozygotes. GOF18-dPE-GFP mice carry GFP gene driven by Oct3/4 gene promoter in which PGCs can be marked by the GFP expression (Yoshimizu et al., 1999) , thus allowing easy PGC visualization in chimeric conceptus. Chimeras were dissected out at stages from E12.5 to E17.5, and were inspected for their gross morphology and PGCs were visualized by the GFP expression under dissection microscope SZX12 (Olympus, Tokyo, Japan) equipped with a fluorescence illuminator. For genotyping, DNA was extracted from tail bud and gonadal tissues, and typed by PCR amplification as described (Luo et al., 1997) . For counting number of Oct3/4-positive PGCs, gonad was embedded in Tissue-Tek OCT compound (Sakura Finetek, Tokyo, Japan). Two to three gonads were sampled at each stage. Serial sections of 8 mm thick were made from each of the whole gonad and stained with the anti-OCT3/4 antibody as described above. OCT3/4 positive cells in all of the serial sections of the whole gonad were manually counted under the microscope and total number of the positive cells per gonad was scored.
